We have studied the physical properties of Nd2O3 with neutron diffraction, inelastic neutron scattering, heat capacity, and magnetic susceptibility measurements. Nd2O3 crystallizes in a trigonal structure, with Nd 3+ ions surrounded by cages of 7 oxygen anions. The crystal field spectrum consists of four excitations spanning the energy range 3-60 meV. The refined eigenfunctions indicate XY-spins in the ab plane. The Curie-Weiss temperature of θCW = −23.7(1) K was determined from magnetic susceptibility measurements. Heat capacity measurements show a sharp peak at 550 mK and a broader feature centered near 1.5 K. Neutron diffraction measurements show that the 550 mK transition corresponds to long-range anti-ferromagnetic order implying a frustration index of θCW /TN ≈ 43. These results indicate that Nd2O3 is a structurally and chemically simple model system for frustration caused by competing interactions with moments with predominate XY anisotropy.
I. INTRODUCTION

Nd
3+ based compounds have recently been a subject of renewed interest in relation to the so-called "moment fragmentation" mechanism 1 . This puzzling phenomenon was recently put forward in the context of spin ice, in which the magnetic moment can fragment, resulting in a dual ground state (GS) consisting of a fluctuating spin liquid, a so-called Coulomb phase, superimposed on a "magnetic monopole" crystal. Experimentally this fragmentation can be realized in e.g. Nd 2 Zr 2 O 7 2,3
and Nd 2 Hf 2 O 7 4 where it manifests in neutron diffraction measurements as the superposition of magnetic Bragg peaks, characteristic of the ordered phase, and a pinch point pattern, characteristic of the Coulomb phase. These results highlighted the relevance of the fragmentation concept to describe the physics of systems that are simultaneously ordered and fluctuating, and it opens the possibility to study new exciting phenomena in frustrated systems. * This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paidup, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan).
Additional examples of the aforementioned behavior are sought by the community. Beyond this, simple examples which may help establish trends in magnetic properties of such materials are important. In this regard, Nd 2 O 3 appears potentially interesting. Indeed, previous characterizations of Nd 2 O 3 found no magnetic order above 4 K 5,6 , with Curie-Weiss temperatures in the range −20 ≤ Θ CW ≤ −32 K suggesting that Nd 2 O 3 may be a structurally and chemically simple model system with significant frustration and competing interactions. Additionally, Nd 2 O 3 is a potentially important magnetic impurity phase in the context of other more complex Ndbased materials and a thorough characterization of the low temperature physical properties is thus important.
As shown in Fig. 1a , Nd 2 O 3 crystallizes in the trigonal centrosymmetric space group P3m1 (164); this space group is in agreement with the classification made by Pauling 7 , Steven 8 , Faucher 9 and, more recently, by Gruber 10 which also predicts the correct symmetry of the Raman modes. Other authors assigned to this compound the acentric space group P 321
11 , or P 6 3 /mmc 12 . As we describe in greater detail below, both of these options have been ruled out by our refinement at T = 2 K which gives the best agreement with the data set for the trigonal P3m1 space group, having a = b = 3.83(1)Å, c = 6.00(3)Å, α = β = 90
• and γ = 120
• in accord with previous measurements [7] [8] [9] [10] .
The environment surrounding Nd 3+ , shown in Fig. 1(a) , has a C 3v symmetry, consisting of 7 oxygen ions located at the vertex of a distorted cube along one diagonal. The C 3 axis coincides with the c-axis, while one of the mirror plane lies perpendicular to the ab plane. Nd ions are arranged on triangular nets stacked along the caxis. The two shortest Nd-Nd bonds (3.69 and 3.77Å) are along the c-axis. The shortest Nd-Nd distance in the plane is somewhat longer than those out of the plane at 3.83Å. These three similar bonds distances likely result in competing interactions in addition to the geometric frustration inherent to the triangular nets of Nd.
The goal of the present study is to characterize the magnetic properties of Nd 2 O 3 , particularly at lower temperatures than have been previously reported. Fits to the magnetic susceptibility with a Curie-Weiss law find an effective moment of 3.64(1) µ B /ion and a θ CW = −23.7(1) K. Inelastic neutron scattering measurements reveal a spectrum of 4 crystal field excitations from the ground state doublet to excited states. We analyze this spectrum to determine the crystal field Hamiltonian. The ground state eigenfunction extracted from this analysis indicates moments with XY anisotropy. Low temperature heat capacity measurements show a broad peak centered at 1.5 K and a sharp peak at 550 mK not previously reported. Neutron diffraction measurements further reveal that the sharp peak in the heat capacity data corresponds to the onset of long range magnetic order at 550 mK with a ordering wave vector k = (1/2 0 1/2). The magnetic structure determined from the diffraction data is characterized by moments lying in the trigonal basal plane with an ordered moment size of 1.87(10)µ B (see Figs. 1(b,c) ). Together the results presented here indicate that Nd 2 O 3 is a chemically simple example of a frustrated magnet with moments with a strong XY anisotropy on a centrosymmetric lattice.
II. EXPERIMENTAL DETAILS
Nd 2 O 3 was obtained from Alfa Aesar (99.997%) and dried in air at 1050
• C. Using the same source material, pellets of diameter ≈ 8 mm were prepared by coldpressing dried powder and sintering in air at 1250
• C for 12 h. These samples were characterized by means of a Quantum Design Physical Property Measurement System and a Magnetic Property Measurement System. Specific heat data were collected using an 3 He insert in the temperature range 0.4 ≤ T ≤ 10 K with an applied magnetic field H of zero and 50 kOe. The magnetization M was measured upon cooling in H = 10 kOe, and the results are reported as the magnetic susceptibility χ=M /H.
The crystal field excitations have been studied using the SEQUOIA spectrometer at the Spallation Neutron Source at Oak Ridge National Laboratory 13 . Approximately 5 g of polycrystalline Nd 2 O 3 was loaded into a cylindrical Al can and sealed under helium exchange gas. The sample and an equivalent empty can for background subtraction 14 were mounted in a sample carousel. Measurements were performed at 5 K and 50 K, with incident energies, E i s, of 25, 75 and 130 meV. Higher energy resolution measurements were performed on the same sample with the Cold Neutron Chopper Spectrometer (CNCS) 15 . For these measurements the sample was cooled to 2 K in a cryo-magnet and measured with E i = 6.5 meV at 0 and 50 kOe. Unless otherwise noted, all inelastic measurements presented here have had the measured backgrounds subtracted. The collected data sets from SE-QUOIA and CNCS have been analyzed using the software MANTID 16 and Dave 17 . The magnetic structure has been studied through neutron powder diffraction measurements with the HB-2A powder diffractometer at the High Flux Isotope Reactor (HFIR) 18 . Sintered pellets were stacked to achieve a sample of cylindrical shape 0.4 mm radius and 1.5 cm length. The pellets were loaded into a Cu cylindrical can to maximize thermal contact, and sealed with a He exchange gas. Measurements with λ = 2.54Å were conducted in zero applied field at 2 K, 1 K and 280 mK using a cryostat with a 3 He insert. The magnetic structure refinement was performed independently with the software Full-Prof 19 and JANA2006 20 .
III. CRYSTAL FIELD ANALYSIS
Inelastic neutron scattering is an efficient probe of crystalline electric field (CEF) excitations. Characterization of the crystal field levels allows the nature of the magnetic ground state of a system to be determined with reasonable accuracy. The crystal field analysis performed here follows the formalism described by Wybourne [21] [22] [23] ; given the local structure of Nd 2 O 3 drawn in Fig. 1(a) , and the C 3v site symmetry of this compound, the crystal field Hamiltonian consists of 6 parameters 24 . Prather's convention 25 for the minimal number of crystal field parameters was achieved by rotating the environment by π/6 along the three fold axis. Finally, within LS coupling, Hund's rules state that, for a 4f 3 ion, the quantum numbers are L = 6 and S = 3/2, thus J = L − S = 9/2 26 . Therefore the crystal field Hamiltonian can be written as: 
where B m n are the crystal field parameters andĈ m n are spherical tensor operators [27] [28] [29] [30] . Nd 3+ is a Kramers ion, so we expect to have at least doubly degenerate CEF levels as stated in the theorem 31 . The effect on the Hamiltonian of a Zeeman term, will result in breaking time reversal symmetry, splitting the degeneracy of the levels from doublets to singlets. As a first approximation this splitting will be proportional to the strength of the field times the magnetic moment of the ion thus, at small fields, this term will broaden the crystal field levels and decrease their intensity.
Once Eq. 1 is diagonalized, the unpolarized neutron partial differential magnetic cross-section can be written within the dipole approximation as 32 :
where Ω is the scattered solid angle,
ki the ratio of the scattered and incident momentum of the neutron, C is a constant, |Q| is the magnitude of the wave-vector transfer, and f (|Q|) is the magnetic form factor. The scattering function S(|Q|,hω) gives the relative scattered intensity due to transitions between different CEF levels. At constant temperature, β = 1/k B T :
is a Lorentzian function with halfwidth Γ to parameterize the lineshape of the transitions between the CEF levels i → i . We calculate the scattering function using this formalism. The calculation is compared with experimental data set, and the procedure is iterated varying the crystal field parameters to minimize the χ 2 difference. A potential difficulty with the analysis described above is that the spectrum of Nd has higher J-multiplet levels which can be close to the GS one. This implies that the eigenfunctions of the GS could result in a linear combination of different J-multiplets. In order to investigate this possibility, we repeated our crystal field analysis in an intermediate coupling regime, including the first 12 J-multiplets up to 2 eV. This analysis highlighted that there is indeed an effect due to the close proximity of the J = 9/2 and J = 11/2 multiplets but, as shown in Tab. III, the overall GS eigenfunctions do not change appreciably from the original LS-approximation. Thus, our discussion of the physical properties of Nd 2 O 3 in the remainder of the paper uses a description appropriate for a J = 9/2 multiplet rather than the more general case.
IV. RESULTS AND DISCUSSION
A. Magnetic Susceptibility
The magnetic susceptibility of Nd 2 O 3 is shown in was utilized to fit data above 50 K, where the Curie constant C is related to the effective moment and θ CW is the Weiss temperature. The value of effective moment is comparable to the free ion value of 3.62 µ B 33 . At low temperatures, below ∼25 K, the Curie-Weiss fit deviates from the data as a consequence of the thermal depopulation of crystal field levels and the growing importance of magnetic correlations which ultimately drive the formation of a long-range magnetically-ordered state below 550 mK (see Sec. IV D). The fitted curve in Fig. 2 from the crystal field model (see Sec. IV B) also deviates from the susceptibility data at a similar temperature, but in contrast to the CW model over estimates the susceptibility (and thus underestimates χ −1 ) presumably due to the importance of magnetic correlations at low temperatures. Figure 3 shows an overview of the measured spectra collected at SEQUOIA as a function of energy transfer, hω, and wave-vector transfer, Q, at T = 5 and 50 K for several values of E i (130 meV, 75 meV, 25 meV from top to bottom). Each data set has been plotted subtracting the empty can background collected at the same temperature. From the dynamic structure factor we can clearly see that there is a series of flat modes which are potentially Nd crystal field levels. In particular, at 5 K, we detected two strong modes near 3 meV and 10 meV, and two less intense modes near 30 meV and 60 meV respectively. The level at 60 meV is quite close to an oxygen phonon (≈ 58 meV) whose intensity increases in the 50
B. Crystal Field Spectrum
Normalized scattering intensity as a function of |Q| for Nd2O3 measured using the SEQUOIA instrument as described in the text. Constant energy scans were integrated over energies as indicated in the legend of the figure. The solid line is the square of the Nd 3+ magnetic form factor.
K data set. Notice that modes measured with larger incident energies are broadened in part because the energy resolution of the SEQUOIA time-of-flight spectrometer is approximately 3% of the incident energy for the spectrometer settings used in these measurements.
To confirm that the modes identified above are crystal field excitations, the intensity as a function of wavevector transfer was examined. Individual cuts as a function of Q were made through the T = 5 K data shown in Fig. 3 . These cuts were scaled to have the same average integrated intensity for 0.5Å −1 < | Q| < 3Å −1 . The resulting values are shown in Fig. 4 . We simultaneously fit these data to the magnetic form factor of the Nd 3+ ion (black line). The agreement is excellent validating the magnetic origin of the excitations. The Q dependence of the ≈ 58 meV feature has also been checked; in this case a quadratic increase of intensity as a function of Q is observed confirming its phonon nature. Indeed we found strong support for this result in Refs. [8, 34] , which showed that this phonon is one of the two Raman E g mode for Nd 2 O 3 . Other phonon modes have been identified at ≈ 13 and ≈ 23.5 meV.
The intensity of the CEF excitations have a significant temperature dependence as shown in Fig. 3(d-f) . These changes are due to the thermal population of each level that changes according to Boltzmann statistics. At low temperatures, the probability that high energy levels are populated is essentially zero, so that only CEF transitions from the ground state to excited states occur as allowed by dipole selection rules. Then, as the temperature increases, the GS is depopulated in favour of the first excited state. Thermal population of the first excited state allows transitions to the other states. Such transitions are visible at 9 and 28 meV.
The energy width of the first excited state can be better appreciated in Fig. 5 , which shows the dynamic struc- ture factor of Nd 2 O 3 collected at CNCS with E i = 6.5 meV at T = 5 K. The crystal field excitation is clearly broader than the instrumental resolution of 0.3 meV. This broadening appears to be due to a weak dispersion of the crystal field excitation, likely reflecting the Nd-Nd exchange interactions. The data set collected at 50 kOe shows that the intensity of the first excited state decreases. The Zeeman term in the Hamiltonian breaks time reversal symmetry thereby lifting the degeneracy of the crystal field doublets. The additional field induced splitting of the crystal field levels alters the thermal population with the result that changes in intensity of the lowest crystal field excitations are observed. The determination of the crystal field parameters defined in Eq. 1, has been done using the T = 5 K and 50 K inelastic neutron scattering data as a function of energy transfer. We fit the experimental CEF spectrum using a series of Lorentzian functions that were allowed to vary for each excitation. We diagonalize Eq. 1 using a set of CEF parameters calculated in the point charge approximation 35, 36 , determine the spectrum and the eigenfunctions, and then calculate the dynamical structure factor as in Eq. 3. We then compare the calculation to the measurement to determine a χ 2 value. This quantity is minimized by iterating the procedure until the calculation converged to a global minimum.
The crystal field parameters (in meV) determined from our refinements for both the LS-coupling and the Intermediate coupling approximations, are given in Tab. I.
The extrapolated values of the ground state g-tensor are: g z = 0.231(16) and g xy = 1.733 (12) , with a corresponding magnetic moment of µ N d = 1.89(5)µ B . The anisotropy in the g-tensor g z /g xy = 0.133, where as we noted the z-axis is projected along the [001] axis, indicates a significant XY-character of the spin.
Tables II and III list the refined wave functions and energy levels of the crystal field states for Nd 2 O 3 in the LS and intermediate coupling approximations respectively. According to our refinement, the spectrum consists of five doublets at: 0.0, 2.86(3), 10.49(2), 30.46(3) and 60.29(4) meV in very good agreement with the ex-perimental data. For the sake of representation, the wave functions of doublet excitations are gathered into one column, of which the values without (within) parentheses correspond to the first (second) member of the doublet. The GS is mainly a linear combination of ψ 0 = | ± 1/2 + | ± 5/2 + | ± 7/2 states. This spectrum is also in excellent agreement with the energies of the crystal field excitations reported in previous optical measurements 37, 38 which identified the J = 9/2 transitions around 2.85, 10.41, 31.37, 61.5 meV and 2.60, 9.67, 30.25, 60.88 meV respectively.
A comparison showing the fitted intensity at 5 K and 50 K versus the experimental spectra is shown in Fig. 3(gi) . The calculation is in excellent agreement with both data sets over the entire range of energy transfer, confirming the quality of the fit. The magnetic susceptibility calculated solely on the basis of our crystal field model is presented as a red line in Fig. 2 .
C. Low Temperature Specific Heat
The low temperature specific heat, C p /T , is presented in Fig. 6(a) . The inset shows C p to higher temperatures where a Schottky anomaly is observed near 15 K. The Schottky anomaly is expected due to the thermal depopulation of the crystal field level at 2.86 meV and is consistent with the previous work of Ref. [6] . Above 25 K the lattice contribution becomes an important component of the specific heat.
At temperatures below 4 K there are two previously unobserved features evident in the data. The first is a broad contribution to the specific heat centered near 1.5 K and the second is a sharper peak near 550 mK. As will be discussed in Sec. IV D, the low temperature peak indicates the onset of long range anti-ferromagnetic order. A field of 50 kOe dramatically alters the specific heat and appears to either eliminate long range order or suppress it to temperatures below the observation window of the measurement.
At the present time we are unable to determine the origin of the broad feature centered near 1.5 K. No additional signal was detected in the neutron diffraction patter at 1 K (see inset of Fig. 7) . We exclude an unobserved crystal field level as an explanation since our crystal field analysis accounts for the allowed crystal field levels. Integrating C p /T from 0.4 to 5 K yields an entropy of ≈90% of R ln(2), as shown in Fig. 6(b) . For this analysis, we utilized La 2 O 3 data to subtract the nonmagnetic background. Thus the entropy associated with the broad feature appears to be required to account for the total R ln(2) entropy expected for a doublet GS. However, this can not be stated definitively as additional entropy may be released at temperatures below those probed here. Other possible explanations for the feature include: undetected short range magnetic order and/or a low lying magnetic excitations. Both of these possibilities are reasonable expectations for a material with 
D. Long Range Magnetic Order
We use neutron diffraction measurements to probe the phase transition observed in the heat capacity measurements. We find that Nd 2 O 3 has magnetic long range order below T N = 550 mK. To the best of our knowledge neither the appearance of magnetic order nor the ordered spin configuration have been previously reported for Nd 2 O 3 . Figure 7 shows the measured diffraction data and Rietveld refinement of the Nd 2 O 3 data collected with HB-2A in zero field at T = 280 mK. Note that two small peaks due to an unidentified impurity phase were ob- served in the diffraction pattern (see Fig. 7 ). The structural model was refined using the 2 K data set as starting point, no evidence of a distortion or a structural phase transition was found confirming previous work performed at higher temperatures 7, 9 . Note that the refinement was done excluding the two strongest peaks coming from the Cu holder. The results of the structural refinements are given in Table IV . The inset of Fig. 6 shows the temperature dependence of the intensity of the (1/2 0 1/2) magnetic Bragg peak. The appearance of the magnetic Bragg peak coincides with the anomaly in the specific heat at 550 mK.
The magnetic structure has been analyzed with two software packages: Full-Prof and Jana2006 to cross-check the results. In both cases this magnetic structure has been refined in the C c 2/m (#12.63) magnetic space group with a propagation vector of (1/2 0 1/2)(referenced to the parent space group P3m1)). Within this symmetry, the Nd spins are anti-ferromagnetically coupled in the basal plane with an ordered moment of µ N d = 1.87(10)µ B (consistent with our crystal field analysis)(See Fig. 1(b,c) ). Note that moments are constrained to be along the b-axis by the magnetic space group C c 2/m defined for a magnetic unit cell twice as large than the chemical cell along a and c directions. Due to the close proximity of the Nd atoms to the 1/4 position, we are unable to distinguish between the (− − ++) and (+ − −+) stacking sequence of AFM planes, as depicted in Fig. 1(b) and (c) respectively. The relative stacking is determined by the alternating out of plane Nd-Nd bonds (3.69 and 3.76Å). The space group C c 2/m allows both solutions and the calculated structure factor does not change appreciably between the two models. The results of the refinement of the magnetic structure are given in Table IV. Taken together the results above indicate that Nd 2 O 3 is a chemically and structurally simple frustrated system. Since the ground state eigenfuction is mostly composed of J z =1/2 (67 %) and is reasonably well separated from the first excited state crystal field level at 2.86 meV it is temping to view Nd 2 O 3 has an effective spin 1/2 system with potentially strong symmetric anisotropic exchange terms due to the strong spin-orbit coupling expected for • . The data were collected with λ = 2.54Å a rare-earth ion.
It is also interesting that the stripe like magnetic order of Nd 2 O 3 is similar to that found in theoretical models of triangular lattices. This type of stripe order is nearby to a spin liquid phase 39 . However, the situation in Nd 2 O 3 appears to be rather different from a geometrically frustrated triangular lattice. As described above, in Nd 2 O 3 the nearest neighbor Nd-Nd distances are out of plane.
Thus the frustration appears to be driven by competing interactions rather than geometrical frustration. A definitive answer to the importance of various exchange parameters awaits studies of single crystal samples.
V. CONCLUSIONS
We have examined the magnetic properties and crystal field levels of the binary compound Nd 2 O 3 . The crystal field spectrum spectrum of the Nd 3+ ions spans an energy range between 3 and 60 meV; in zero field the XY-like spins are in the ab plane with a magnetic moment of 1.89(5) µ B /ion. This value is consistent with the ordered moment of 1.87(10)µ B determined from the neutron diffraction data. The ordered phase consists of spins AFM coupled in the ab plane, and oriented along b-axis with an ordering vector k = (1/2,0,1/2). The planar arrangement of ordered moments agrees with the XY anisotropy determined from the crystal field levels. The results presented here suggest that Nd 2 O 3 is a strongly frustrated system driven by competing interactions.
